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A study of charged current induced anti-neutrino interactions from nuclei has been done for the 
intermediate energy (< 2GeV) anti- neutrinos and applied to 12 C, relevant for ongoing experiment 
by MiniBooNE collaboration. The calculations have been done for the quasielastic and inelastic 
lepton production as well as for the incoherent and the coherent pion production processes. The 
calculations are done in local density approximation. In the case of the quasielastic reaction the 
effects of Pauli blocking, Fermi motion effects, renormalization of weak transition strengths in nuclear 
medium and the Coulomb distortion of the outgoing lepton have been taken into account. For the 
5^ ' inelastic processes the calculations have been done in the A dominance model and take into account 

the effect of Pauli blocking, Fermi motion of the nucleon and renormalization of A properties in 

■ a nuclear medium. The effect of final state interactions of pions is also taken into account. The 
numerical results for the total cross sections for the charged current quasielastic scattering and 

\& , incoherent pion production processes are compared with earlier experimental results available in 

Freon and Freon-Propane. It is found that nuclear medium effects give strong reduction in the cross 

■ sections leading to satisfactory agreement with the available data. 
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t^- ■ I. INTRODUCTION 

O ; 

Recent interest in the study of CP violation in leptonic sector makes it desirable that anti-neutrino reactions be 
studied in the same kinematic regions as neutrino reactions While there are many experimental studies made for 
neutrino reactions, there are very few studies made for anti-neutrino reactions from nucleons and nuclei. In the low 
energy region, the experimental studies with anti-neutrinos were first made using anti-neutrinos from nuclear reactors 
at Savannah river facility [|J but recently similar experiments have been done by CHOOZ 0] and KamLAND Q 
collaborations. In the intermediate energy region of few GeV, the earlier experiments performed with anti-neutrino 
beams at CERN and Serpukhov laboratories, provided the cross sections for various quasielastic [H]-[9| and inelastic [To| 
reactions. In the new generation of anti-neutrino experiments, the experiment performed at LSND pd| with anti- 
neutrinos in the energy region of few hundreds MeV has attracted much attention due to its role in the study of 
neutrino oscillations. There are now many experiments being done to study the neutrino and anti-neutrino reaction 
cross section from various nuclei in the intermediate energy region of neutrinos and anti-neutrinos. One of the present 
experiments being done at Fermi Lab by the MiniBooNE collaboration is designed to study specifically the nuclear 
reactions induced by anti- neutrinos [Hj]-[l4|]. 

At the MiniBooNE energies, the contribution to the anti-neutrino nucleus cross section comes mainly from the 
charged current quasielastic, neutral current elastic, and charged and neutral current one pion production processes. 
In the intermediate energy region, there are only few experimental measurements on quasielastic scattering cross 
sections which are made using bubble chambers at CERN and Serpukhov They have limited statistics. More- 

over, there is lack of experimental data particularly for E„ <lGeV These experiments on quasielastic processes 

have been generally analysed in a Fermi gas model using a global Fermi momentum and constant binding energy as pa- 
rameters [l5|-(r7j. There are, however, various other theoretical calculations for the quasielastic processes which make 
use of various nuclear models like Shell Model with pairing correlations, Random Phase Approximation, Relativistic 
Mean Field Approximation, etc. Recently many calculations have been done for these processes in order to 

better understand the nuclear model dependencies of these cross sections (28|-[32j]. However, these calculations are 
applied mainly to study the neutrino reactions and not much attention has been given to the anti-neutrino reactions. 

In the case of inelastic anti-neutrino nuclear reactions pion production processes have been studied. These are 
generally studied in a A dominance model in which pions are dominantly produced through the excitation of A and 
its subsequent decays leading to pions [32|-[43l|. In case of nuclear production, there are coherent and incoherent 
processes through which pions are produced. The coherent reactions are more forward peaked than the incoherent 



•Electronic address: phtl3sks@redifTmail.com 



2 



reactions and therefore provide a better place to study the nuclear dynamics by minimizing the q 2 dependence of 
various transition from factors on the nuclear cross sections. The ratio of coherent to incoherent production of pions 
in anti-neutrino reaction cross sections is larger than the inelastic neutrino reactions. The major difference between 
these reactions is the production of hyperons which is allowed in the qusielastic reactions with anti-neutrino but are 
forbidden in the case of neutrino reactions j44|. These strangeness changing quasielastic reactions can also lead to 
pion productions through the decay of hyperons which can be important in the energy region of MiniBooNE (l3l | and 
K2K [45| experiments. 

The nuclear effects in the quasielastic as well as in the inelastic anti-neutrino reactions have not been analyzed 
as extensively in the literature as in the case of neutrino reactions. Such an analysis is important for making CP 
violation studies in the neutrino sector relevant for the next generation neutrino oscillation experiments. 

In this paper, we study the charged current quasielastic and inelastic reactions induced by anti-neutrinos from nuclei. 
In the case of inelastic reactions, we study the inelastic lepton production as well as the coherent and the incoherent 
production of pions. The matrix elements for the quasielastic and the inelastic reactions from free nucleons are written 
in the standard model using the transition form factors which are determined from the analysis of experimental data 
available from the electron and neutrino scattering experiments from nucleon and deuteron targets in the relevant 
energy region [28|. Nuclear effects, like Pauli blocking, Fermi motion etc. of initial nucleon(and also final nucleon in the 
case of quasielastic reactions) are taken into account in the local density approximation (l9| , [40| . The coherent and 
the incoherent production of leptons accompanied by a pion is calculated in a A dominance model, which has been 
earlier applied to study the neutrino induced charged current l7r + production process [4l| and the charged and neutral 
current neutrino induced coherent pion production processes [42j , (43j . The renormalization of the A properties like 
modifications in mass and width in nuclear medium have been taken into account [46| , In case of incoherent reactions, 
the effect of final state interaction of pions with the residual nucleus has been considered in eikonal approximation 
using probabilities per unit length for pion absorption given by Vicente Vacas et al. [43] as the basic input. In the 
case of coherent reactions, the final state interaction of pions has been treated by calculating the distortion of pion in 
the optical potential using an eikonal approximation [421 ] . 

In section-II, the formalism for the charged current quasielastic lepton production in the local Fermi gas model 
including RPA correlations has been discussed. In section-Ill, we present the formalism for charged current inelastic 
reactions from the nucleons in the A dominance model and describe the nuclear medium and the final state interaction 
effects. In this section, we have also discussed the charged current incoherent and coherent lepton production accom- 
panied by a pion, charged current incoherent lir~ production, and quasielastic like lepton production. In section-IV, 
we present and discuss the numerical results. In section-V, we provide a summary and conclusion of the present work. 



II. CHARGED CURRENT QUASIELASTIC REACTIONS 

In this section we derive an expression for the total scattering cross section cr(Ep) for the charged current(CC) 
reaction 

v„+ lX^n++ z f Y, (1) 

where Zi(Zf) is the charge of initial(final) nucleus. 

The basic ^-nucleon quasielastic reaction taking place in |.X nucleus is on the proton target i.e. 

P M (*)+P(P)-* V + (k') + n(p') : (2) 

where k and p are the four momenta of the incoming anti-neutrino and proton and kl and p' are the four momenta 
of the outgoing muon and neutron respectively. 

The matrix element for the basic anti-neutrino charged current process on free nucleon (Eq.2) is written as 

T = cos 9 C , (3) 

where 

- v(k)^(l - l5 )v(k') 

J" = u{p')[FY{q 2 )r + F?(q 2 )ta^^ - F^tf )^ ~ F% (q 2 )q^ 5 ]u{p). (4) 

q(= k — k') is the four momentum transfer and the expressions for F± (q 2 ), F% (q 2 ), Fp(q 2 ) and F\(q 2 ) are the weak 
nuclear form factors taken from Bradford et al. [48|(BBBA05). 
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The double differential cross section d 2 <jf Tee (E p , \k'\) for the basic reaction described in Eq.(2) is then written as 

^ 2 

dWUE,, \k'\) = ^ p mT\ 2 S[q + E P - E n ] (5) 

where EZ]|T| 2 is the square modulus of the transition amplitude given by 

SS|T| 2 = Gp2c f ec L, v J^ with 

Lfj,u — 8 [Aj^Aj v ~h hi/h n — k.k Q^y i^^iuXa^ k ] 

J» v = ( fi ) 

90(90 = — Efj) is the energy transferred to the nucleon. 

In a nucleus, the anti-neutrino scatters from a proton moving in the finite nucleus of proton density p P {r), with a 
local occupation number n p (p,r). In the local density approximation the differential scattering cross section for the 
nucleon is written as 

d 2 a A (E pi \k'\) = J 2drdpj^n p (p,f)d 2 a ircc (E^\k'\) (7) 

The proton energy E p and neutron energy E n are replaced by £7 p (|p|) and E n (\p + q\) where p is now the momentum 
of the target proton inside the nucleus. Furthermore, in the nucleus the protons and neutrons are not free and 
their momenta are constrained to satisfy the Pauli principle, i.e., p p < pf and p n (= \p + q\) > Pf„, where pf and 
Pf„ are the local Fermi momenta of protons and neutrons at the interaction point in the nucleus and are given by 

p Fp = [3Tr 2 pp(r)] 3 and pf„ — [37r 2 p„(V)] 3 , p p (r) and p n (r) are the proton and neutron nuclear densities. Moreover, 
in nuclei the threshold value of the reaction i.e. the Q-value of the reaction has to be taken into account. 

To incorporate these modifications, the 5 function in Eq.(5) i.e. 5[qo + E p — E n ] is modified to 5[qo — Q + E p {p) — 
E n {p + q)] and the factor 



/ 



dp , _ Mr,M„ „ „ . 

ttteMp, ^~ihrS[ qo + e p - E n ] (8) 



occurring in Eq.(7) is replaced by — (l/7r)Im[/jv(<Zoj <z)j where Uisf(qo,q) is the Lindhard function corresponding to the 
particle hole(ph) excitation shown in Fig.l and is given by 

TJ ( A = f d P M n M P U p(P) i 1 - n n(P+ q)) /q\ 

N[qai q > J (2tt)3 E n E p q Q -Q + E p (p) - E n (p + q)+ie { > 

where the threshold value of the reaction, Q, in the present calculation is taken to be 13.6 MeV which corresponds to 
the lowest allowed Fermi transition. The expression for ItoUn is given in Ref. [l9j . 
With inclusion of these nuclear effects the cross section oa{Ev) is written as 

2Gf 2 cos 2 rrma* rp™ a!C /•! 1 

a A (E 9 ) = r 2 dr pUp^ d{cos6)——L llv J» v ImU N [E D -E ll -Q,q\. (10) 

n Jr min J Pi"" J -I Ep^E^ 

In the nucleus the strength of the electroweak coupling may change from their free nucleon values due to the presence of 
strongly interacting nucleons. Conservation of Vector Current (CVC) forbids any change in the charge coupling while 
magnetic and axial vector couplings are likely to change from their free nucleon values. These changes are calculated 
by considering the interaction of ph excitations in nuclear medium in Random Phase Approximation (RPA) as shown 
in Fig. 2. The diagram shown in Fig. 2 simulates the effects of the strongly interacting nuclear medium at the weak 
vertex. The ph-ph interaction is shown by the wavy line in Fig. 2 and is described by the tt and p exchanges modulated 
by the effect of short range correlations. 

The weak nucleon current described by Eq.(4) gives, in non-relativistic limit, terms like Fa3t+ and ^2^'+ which 
generate spin-isospin transitions in nuclei. While the term iFi%^-T+ couples to the transverse excitations, the term 
Fa<tt+ couples to the transverse as well as longitudinal channels. These channels produce different RPA responses 
in the longitudinal and transverse channels when the diagrams of Fig. (2) are summed over. For example, considering 
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FIG. 1: Diagrammatic representation of the anti-neutrino self-energy diagram corresponding to the ph-excitation leading to 
+P — » M + + n m nuclei. In the large mass limit of the IVB(i.e.Mw — ► oo) the diagram 1(a) is reduced to 1(b) which is used 
to calculate \T\ 2 in Eq.(5). 




FIG. 2: Many body Feynman diagrams (drawn in the limit Mw 
contributing to the process i/ M + p 



H + + n. 



oo) accounting for the medium polarization effects 



the renormalization of the axial vector term of the hadronic current in Eq.(4), the non-relativistic reduction of the 
axial vector term is written as 



u(p')F A ^ 5 u(p) = F A (q 2 ) [u{p')^ 5 u{p), u(p'h l l 5 <P)] 



a-(p + p') 
2E 



° 4^ 



(11) 



In leading order it is proportional to F A (q )<j % . One of the contributions of this term to the hadronic tensor J lJ in 
the medium is proportional to F\(q 2 )8ijlmUM which is split between the longitudinal and transverse components as: 

Fliq^luvUN -> F 2 A (q 2 ) [q t q 3 + - lmU N (12) 

The RPA response of this term after summing the higher order diagrams like Fig. 2 is modified and is given by Jr PA - 

'h'h . kj - '/<</., 



J 13 - J rpa = Fi(q')lmU N 



\l-U N V t \ 2 |l-C^Vi| 



(13) 



where VJ and V t are the longitudinal and transverse part of the nucleon-nucleon potential calculated with tt and p 
exchanges and given by 



f 2 



mt 



Q 



-q 2 + ml \ Al - q 



A 



f 2 
mi 



Q 



-q 2 +m 2 ~ p \A p 2 -q 2 



+ .<?' 



(14) 
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= 1.3GeV , C p = 2, A p = 2.5Gey, m„. and m p are the pion and p masses, and g' is the Landau-Migdal parameter 
taken to be 0.7 which has been used quite successfully to explain many electromagnetic and weak processes in 
nuclei (49|- 50] . This modified tensor Jr P a when contracted with the leptonic tensor Lij gives the contribution of the 
F\ term to the differential cross sections including RPA correlations. 

The effect of the A degrees of freedom in nuclear medium is included in the calculation of the RPA response 
by considering the effect of ph-Ah and Ah-Ah excitations as shown in Fig. 2. This is done by replacing Un by 
U = Un + U/\, where J7a is the Lindhard function for Ah excitation in the medium and the expressions for Un and 
J7a are taken from Ref. [51| . The different couplings of N and A are incorporated in Un and Ua and then the same 
interaction strengths Vi and Vt are used to calculate the RPA response which has been discussed in some detail in 
Refs. [19] and [E| . 

The treatment of Coulomb distortion of the produced muon in the Coulomb field of the final nucleus in the local 
density approximation is done by modifying the energy of the muon in the Coulomb field of the final nucleus: 

E eff =Ep + V c (r), 

where 

r^ d A (15) 



Vo{r) = -ZfZ'aAir jf ^X'V 



Z 



-r 



f 



where Z' is 1 for p + and p P (r') is the proton density in the final nucleus. 

Thus, in the presence of nuclear medium effects, the total cross section oa(E>v)i with the inclusion of Coulomb 
distortion effects taken into account is written as 

MEp) = _2G f Wfl e ^ r - _ ^ r _J_ r TV 

n Jr min 

where 



a A i,E B ) = - - / r 2 dr / p/d Pfi / d{cos6) ——L^J^ PA ImU N . (16) 

77 Jrmin JpT in J-l Ep^hffj, 



ImU N = ImU N [E^ -E M -Q- V c (r),q] (17) 

III. CHARGED CURRENT INELASTIC REACTIONS 

The inelastic production process of leptons is the process in which the production of leptons is accompanied by one 
or more pions. In the intermediate energy region of about 1 GeV the anti-neutrino induced reactions on a nucleon 
for lepton production is dominated by the A excitation which subsequently decays into a pion and a nucleon through 
the following reactions: 

+ n(p) - p + (k') + A-(p') (18) 



P(P) - ^+(fc') + AV) (19) 

\ p + 7T~ 

In this model of the A dominance the anti-neutrino induced charged current lepton production accompanied by a 
pion is calculated using the Lagrangian in the standard model of electroweak interactions given by Eq. (3) , where the 
leptonic current is given by Eq.(4) and the hadronic current J^(x) — V^(x) + A^(x). 

In this case, the hadronic current for the A excitation from neutron target is given by 

j» = M P >)o a ^(p), 

where ip a ip') and ip(p) are the Rarita Schwinger and Dirac spinors for the A and the nucleon of momenta p' and p 
respectively, and O a/i = Oy 1 + 0°^ . The operators Oy 1 and O ^ are given by: 

+ %Vvp-0^) + %V/) 75 (20) 
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/pAl 2\ nAl 2\ f<A( 2\ \ 

[^^-(g^A - q a r) + ^r+ig^q-p' - gV M ) + c£( q 2 )g a » + ^Af-i^j (2 i) 

A similar expression for J M is used for the A excitation from the proton target. Here q(= p' — p = k — k') is the 
momentum transfer, Q 2 (— -q 2 ) is the momentum transfer square and M is the mass of the nucleon. C, y (i=3-6) are 
the vector and C/ l (i=3-6) are the axial vector transition form factors which have been taken from Ref. [53| to be: 

/ 2 \ — 2 

CY{q 2 ) = Cf(0) (l-j^) A; i = 3,4,5. 



v , 

A = ( 1 ^-pt) for i = 3,4, A=fl t) ; * = 5. (22) 

V 4M v/ \ 0.776M 2 ,/ ' v y 

qV)=Cf(0) (l-j^) A; i = 3,4,5. A = (l - (23) 

(^(g 2 ) and C^(g 2 ) are determined using conserved vector current (CVC) and partially conserved axial vector current 
(PCAC) hypothesis to be C 6 y (g 2 ) = and C£{q 2 ) = ^Vj 2 . M A (=1.05GeV) and M v (=0.84GeV) are the axial 
vector and vector dipole masses, and m n is the pion mass. The values of CY(q 2 ) and Cf(q 2 ) at q 2 =0 are taken to be 
C 3 y (0)=2.13, CX (0)=-1.51, C 5 V (0)=0.48, C^(0)=0.0, (0)=-0.25 and C 5 A (0)=1.2. 
The differential scattering cross section is given by 

d 2 <? 1 1 |k'| ™ 

|T| 2 (24) 



dE k ,dn k , 64?r 3 MM 4 Sfe (jy _ M A ) 5 



r 2 (yy) 



4. 



where T is the delta decay width, W is the center of mass energy i.e. W = y/ (p + q) 2 and \T\ 2 = Gp c ° s e " L^ u J^, 
with L ut/ given by Eq.(6) and J"" = E£J"t J y which is calculated with the use of spin | projection operator P MI/ 
defined as 



spins 



and is given by: 



r(w) = JL(hE±) ^| qcm |3@ (w ,_ M _ m7r)j (26) 



In Eq.(24), the delta decay width T is taken to be an energy dependent P-wave decay width given by [4 

2 

6ir \ 171^ J W 
where 

_ yf(W 2 -ml- M 2 ) 2 - AmlM 2 
hcm\ - ^7 

and M is the mass of nucleon. The step function 9 denotes the fact that the width is zero for the invariant masses 
below the Nit threshold, |q cm | is the pion momentum in the rest frame of the resonance. 

When the reactions given by Eq.(18) or (19) take place in the nucleus, the anti-neutrino interacts with a nucleon 
moving inside the nucleus of density p(r) with its corresponding momentum p constrained to be below its Fermi 

momentum pp n (r) = [37r 2 /3 njP (r)] 5 , where p n (r) and p p (r) are the neutron and proton nuclear densities. In the 
local density approximation, the differential scattering cross section for a lepton production accompanied by a pion 
from the neutron target is written as 



d 2 a If,,, Ik' 



dEv&lH - 64tt3 J dTpn{r) W MM A (w - M A )2 + ^1 |T ' 2 (27) 
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However, in nuclear medium the properties of A like its mass and decay width T to be used in Eq.(27) are modified 
due to the nuclear effects. These are mainly due to the following processes. 

(i) In nuclear medium As decay mainly through the A — > Nir channel. The final nucleons have to be above the 
Fermi momentum pp of the nucleon in the nucleus thus inhibiting the decay as compared to the free decay of the A 
described by T in Eq. (27) . This leads to a modification in the decay width of delta which has been studied by many 
authors [IB], [H^j • We take the value given by Oset et al. [46| and write the modified delta decay width f as 

T = TxF(p F ,E A ,k A ) (28) 

where F(pp, E A , k A ) is the Pauli correction factor given by [46| : 

k A \q cm \+E A E' — EpW 

ibB (29) 

E F = ^JM 2 + p' 2 F , k A is the A momentum and E A = ^JW + k A . 

(ii) In nuclear medium there are additional decay channels open due to two and three body absorption processes 
like AiV — > NN and ANN — > NNN through which A disappears in nuclear medium without producing a pion, while 
a two body A absorption process like AiV — > irNN gives rise to some more pions. These nuclear medium effects on 
the A propagation are included by describing the mass and the decay width in terms of the self energy of A [46| . 
The real part of the A self energy gives modification in the mass and the imaginary part of the A self energy gives 
modification in the decay width of A inside the nuclear medium. The expressions for the real and imaginary part of 
the A self energy are taken from Oset et al. [4t| : 

i?eS A = 40— MeV and 
Po 

In the above equation Cq accounts for the AN — > ttNN process, Cai for the two-body absorption process AiV — * NN 
and Ca3 for the three-body absorption process ANN — > NNN. The coefficients Cq, Ca2, Ca3 and a, (3 and 7 are 
taken from Ref. [46| . 

These considerations lead to the following modifications in the width T and mass M A of the A resonance. 

r f 

-^--/toS a and M A — * M A = M A + ReH A . (31) 

With these modifications the differential scattering cross section described by Eq.(27) on the neutron target modifies 
to 

d2 « = J_ f drp fr J k/ ! 1 §~JmS A 
dEydtly 64^ 3 J Fny ' E k MM A (w _ M A f + (£ - JmE A ) 2 

For the lepton production from proton target, /0„(r) in the above expression is replaced by ip p (r). Therefore, the 
total scattering cross section for the anti-neutrino induced charged current lepton production process in the nucleus 
is given by 



1 f f , dk' 1 f - im£ 



dr 



64tt 3 J J E k E k , MM A ( W _ M A f + (f - ImT, A ) 2 



Pn(r) + ^Pp(r) 



T\ 2 (33) 



A. Inelastic production of leptons accompanied by a pion 

The reactions given in Eqs.(18) and (19) produce tt~ and ir° in the nucleus. The target nucleus can stay in the 
ground state giving all the transferred energy in the reaction to the outgoing pion leading to the coherent production 
of pions or can be excited and/or broken up leading to the incoherent production of pions. In this section we discuss 
the inelastic charged current lepton production accompanied by a 7r~ or tt°. The inelastic coherent production of 
leptons is discussed in section-B. 
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In the nucleus the incoherent production of lepton takes place through the production and decay of A - on neutron 
targets and the production and decay of A on proton targets. Some of the As are absorbed through two body and 
three body absorption processes and do not lead to pion production. These are described by C 'a2 and Ca3 terms 
in the expression for /to£a given in Eq.(30) and do not contribute to the lepton production accompanied by pions. 
Thus only Cq term in the expression for IuiSa in Eq.(30) contributes to the lepton production accompanied by a 
pion. 

Taking into consideration the appropriate factors corresponding to the A production on neutron and proton targets 
in the nucleus, we get the following expression for the inelastic production of leptons accompanied by a pion (i.e. tt~ 
orTT ). 



I /' f ilk' I ^ + C Q 



I'a 



64tt 3 J J E k E k , MM A ( W _ Ma _ # e £ A ) 2 + (T _ J TO E A ) 2 



T\ z (34) 



The pions produced in these processes inside the nucleus may re-scatter or may produce more pions or may get 
absorbed while coming out from the final nucleus. We have taken the results of Vicente Vacas [47( for the final state 
interaction of pions which is calculated in an eikonal approximation using probabilities per unit length as the basic 
input. In this approximation, a pion of given momentum and charge is moved along the z-direction with a random 
impact parameter b, with |b| < R, where R is the nuclear radius which is taken to be a point where nuclear density 
p(R) falls to 10 — 3 po j where p is the central density. To start with, the pion is placed at a point (b, z in ), where 
Zi n = — \J R 2 — |b| 2 and then it is moved in small steps 81 along the z-direction until it comes out of the nucleus or 
interact. If P(pir, i", A) is the probability per unit length at the point r of a pion of momentum and charge A, then 
PSl << 1. A random number x is generated such that x € [0, 1] and if x > PSl, then it is assumed that pion has 
not interacted while traveling a distance SI, however, if x < PSl then the pion has interacted and depending upon 
the weight factor of each channel given by its cross section it is decided that whether the interaction was quasielastic, 
charge exchange reaction, pion production or pion absorption [47| . For example, for the quasielastic scattering 

-P/V(7r\7r A ')AT' = a N(n x ,ir x ')N' X AiV 

where N is a nucleon, is its density and a is the elementary cross section for the reaction ir x + N — > ir x + N' 
obtained from the phase shift analysis. 

For a pion to be absorbed, P is expressed in terms of the imaginary part of the pion self energy II i.e. P a bs = 
— Jmn ° b °(P' r ) ; where the self energy II is related to the pion optical potential V (47j . 

B. Coherent Pion Production 

The neutrino induced coherent production of pion has been calculated earlier in this model [42| , where A resonance 
excitations and their decays are such that the nucleus stays in the ground state. We apply this model to calculate the 
coherent pion production induced by charged current anti-neutrino interaction inside the nucleus. 




n (p) n (p ) 

FIG. 3: Feynman diagram 

The amplitude for charged current l7r~ production from the neutron is written using the Feynman diagram shown in 
Fig. 3 and is given by 

A = -p costfc F F(q-K) (35) 
v2 

where I 11 is the leptonic current given in Eq.(4) and the hadronic current is given by 

^ = J2 V s (p') [K a k° x O Xll ] * s (p) (36) 
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where A ctA is the relativistic A propagator given by 



A 



/P + M a 



P 2 - Ml + iTM A 



a r>A 



3M| 



pop 



(P°ry>- _ ryCT p A ^ 

3Ma 



(37) 



and C jA is the weak N-A transition vertex given as the sum of vector and axial part using Eqs.(20) and (21). The 
nuclear form factor JF(q — k w ) in Eq.(35) is given as 



^(q-k„) = J d 3 v p(r) e 



■i(q-k w ).r 



(38) 



with p(r) as the nuclear matter density as a function of nucleon relative coordinates. For production from nuclear 
targets, it is the linear combination of proton and neutron densities incorporating the isospin factors for charged pion 
production from proton and neutron targets corresponding to W~ exchange diagram. It is written as 



T(q - k, 



d 6 r 



P P {r) +p n (r) 



-i(q— kjrj.r 



Using these expressions the following form of the differential cross section for lepton production is obtained: 

d 5 a 111 k'l | k„ 



where 



dVL^dVL^ ^dE ^ 



K 



(27T) 



E 



EE i^i' 



M Ik, 



E p> \K\+E v {\K\ - |q| cosfl,) 



(39) 



(40) 



(41) 



is a kinematical factor incorporating the recoil effects, which is very close to unity for low Q 2 (= —q 2 ), relevant for 
the coherent reactions, and \A\ 2 is obtained by squaring the terms given in Eq.(35). 

The nuclear medium effects due to renormalization of A properties in the nuclear medium have been treated in the 
same manner as discussed in section-Ill. Accordingly the A propagator A ctA in given by Eq.(37) is modified due 
to the modifications in mass and width of the A in the nuclear medium given by Eq.(31). However, the final state 
interaction of the pions with the residual nucleus has been treated in a different way. The final state interaction in 
coherent production of pions is taken into account by replacing the plane wave pion by a distorted wave pion. The 
distortion of the pion is calculated in the eikonal approximation [57J in which the distorted pion wave function is 
written as: 



z(q— ) -r 



exp 



i f z 

i(q-k,r)-r / V opt (h, z')dz' 

v J — oo 



(42) 



where r = (b, z), q and k w are the momentum transfer and the pion momentum, respectively. The pion optical 
potential V op t is related with the pion self-energy II as II = 2u> V op t, where u> is the energy of the pion and |y| = Ik^l/o;. 
The pion self-energy is calculated in local density approximation of the A- hole model and is given as [46[ : 



U(p(b,z')) 



4 fU 



NA 



M 2 



\K\ 2 p(b,z') G Ah (s,p) 



(43) 



where s is the center of mass energy in the A decay averaged over the Fermi sea and Ga/i(s, p) the A-hole propagator 
given by [57| : 



G Ah (s )P (b > z')) = 



1 



(44) 



\fs — M A + iif (s, p) — ilmY, A {s, p) — Re£A(s, p) 
When the pion absorption effect is taken into account the nuclear form factor .F(q — k^) modifies to ^"(q— k w ) given 



T(q - K) = 2tt 



b db 



dz p{h,z) \j (Kb) e i(|q| - fc " )z e~ lf{b ' z) 



(45) 
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where 



,00 x 

f(h,z) = J —Il(p(b,z'))dz' 



and the pion self-energy II is defined in Eq.(43). 

These modifications lead to the following expression for the total scattering cross section 



1 1 



where 



8 (2tt) 5 

I 
J, 



I dn„ tl / d E J k '^ Kl nJ2J2\ A \' 



(46) 



(47) 



^| cos 6c l» j„ ^(q-k OT ) 



IttNA 



* s (p) 



(48) 



where A is the modified A propagator inside the nuclear medium. 



C. Incoherent production of In 



The incoherent lepton production accompanied by a ir~ is mainly given by the decay of A~ and A particles 
produced from neutron and proton targets in the nuclear medium through A~ — ► nir~ and A — > pir~ processes given 
in Eqs.(18) and (19). These arc mainly described by the modified decay width T in the nuclear medium. However, 
there is an additional contribution to the pion production coming from the Cq term in the expression of ImTiA 
given in Eq.(30). Therefore, the total scattering cross section for the anti- neutrino induced charged current one ir~ 
production in the nucleus is given by 



1 



a = 



dr- 



dk' 



1 



l + Cc 



Pn{Y) + -p p {v) 



64tt 3 J J ~ E k E k , MM A ( W _ Ma _ R e Y. A )i + (£ - /mS A ) 2 
The final state interaction of these pions are treated in the same way as discussed in section-III(A). 



(49) 



D. Quasielastic like production of leptons 



In a nuclear medium when an anti-neutrino interacts with a nucleon inside the nucleus, the A which is formed may 
disappear through two and three body absorption processes like AiV — > NN and ANN — > NNN and thus mimic a 
quasielastic reaction discussed in section-II. These A absorption processes are described by the Ca2 and Ca3 terms in 
the expression of IuiSa given in Eq.(30). To estimate the number of quasielastic like lepton events (without a pion) 
we write the expression for the total scattering cross section using Eq.(30) as 



1 



a = 



64tt 3 



dr- 



dk' 



1 



C 



A2 



c 



(*)' 



E k Ey MM A ( W _ Ma _ i?eS A ) 2 + (£ - MS A ) 2 



Pn(r) + \p P {r) 



(50) 



IV. RESULTS AND DISCUSSION 



A. Charged current quasielastic lepton production 



We present the numerical results for the total cross sections, Q 2 distributions and lepton angular distributions for 
the quasielastic charged current lepton production process + 12 C — > p + + 12 B*. The calculations have been done 
using Eq.(16) with proton density p p (r) = \p{r) and the neutron density p n {r) = ^j^-p(r), where p(r) is nuclear 
density taken as 3-parameter Fermi density given by: 

P( r ) = Po ( 1 + w^r] I ( 1 + exp 1 
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FIG. 4: Quasielastic charged current lepton production cross section induced by on C target for the free protons and 
including nuclear medium effects with(without) RPA correlations. In the inset, ratio of the cross section per nucleon in 12 C to 
the free proton cross section as a function of neutrino energy is shown. The solid line (dashed line) is the result for this ratio 
for the cross section calculated with nuclear medium effects with(without) RPA correlations. The dotted line is the prediction 
from the NUANCE Monte Carlo generator [12]. 




E (GeV) 



FIG. 5: Charged current quasielastic lepton production cross section per nucleon induced by on Freon(Ci ? 3-Br), for the free 
case and including nuclear medium effects with(without) RPA correlations. The experimental points are taken from Bonetti 
et al. p| and Brunner et al. [jj. 



the density parameters c=2.355fm, z=0.5224fm and w=-0.149 taken from Ref. [5e| . 

The numerical results for the total cross section a(E) vs E for anti-neutrino reactions on 12 C has been shown in 
Fig. 4. The results have been presented for the cross section calculated for the free nucleon, with nuclear medium 
effects in local Fermi gas model with and without RPA correlations in nuclear medium. We find that with the 
incorporation of nuclear medium effects without RPA correlations the reduction in the cross section is around 35% at 
£ Pfl =0.4GeV, 25% at E Pfl =0.8GeV, 18% at Bp M =1.2GeV, 15% at £ P(i =1.6GeV and 12% at £^=3.0GeV as compared 
with the free nucleon case. When RPA correlations are included the total reduction in the cross section is around 
55% at £^=0.4GeV, 40% at £ P(4 =0.8GeV, 35% at £^=1.2GeV, 30% at £^=1.6GeV and 25% at £^=3.0GeV. 
This reduction in the cross section is explicitly shown in the inset where we have presented the results for the ratio 

1 erf C) 

of the charged current quasielastic lepton production cross section to the cross section on free proton i.e. a (/ re e) 
as a function of anti-neutrino energy. The results have been compared with the results obtained in the Fermi gas 
model used in the NUANCE Monte Carlo generator [53] by the MiniBooNE collaboration [l2|. We find that the 
present results in the local Fermi gas model without RPA correlations are similar to the results used in the NUANCE 
generator, but when RPA effects are included the cross sections are reduced. 

In Figs. 5 and 6, we present our results for the total cross section obtained for the charged current quasielastic 
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FIG. 6: Charged current quasielastic lepton production cross section per nucleon induced by on Freon Propane(Ci ? 3Br — 
C3H&), for the free case and including nuclear medium effects with(without) RPA correlations. The experimental points are 
taken from Armenise et al. |6(. 

lepton production cross section induced by on Freon(CF3i3r) and Freon-Propane(Ci 7 3i3r — C^Hg) respectively. We 
have compared our results with the experimental results of Bonetti et al. Q and Brunner et al. @ in Freon(CF s Br) 
and in Freon-Propane by Armenise et al.Q. Quantitatively, we find that when RPA correlations are included x 2 pdf 
are reduced to 0.5 from 1.7 for the Freon data and from 7.2 to 1.7 for the Freon-Propane data from x 2 pdf calculated 
for the free case. 

In Figs. 7 and 8, we have presented respectively the results for the (^-distribution i.e. (-^r) vs Q 2 and lepton 

angular distribution i.e. ( g^g ) vs cos9, averaged over the MiniBooNE spectrum of anti-neutrino. The MiniBooNE 
spectrum is taken from Ref . [lj] • The results of the differential cross sections have been presented for the free nucleon 
case as well as with nuclear medium effects. This will be useful in determining the axial vector form factor from 
the low energy anti-neutrino data obtained from MiniBooNE collaboration. We find that for Q 2 distribution the 
reduction in the differential cross section in the local Fermi gas model is around 30% in the peak region of Q 2 . When 
RPA effects are also taken into account the total reduction is around 50% in this energy region. This reduction in the 
differential cross section decreases with the increase in Q 2 , for example, at 0.2GeV 2 the total reduction is around 30%. 
In the case of angular distribution, we find that at forward angles the reduction in the differential cross section when 
calculated in the local Fermi gas model is around 30-40%. When RPA effects are also taken into account the total 
reduction is around 50-60%. To quantitatively show the effect of RPA correlations on Q 2 and angular distributions, 
we have presented in the inset of these figures the ratio of differential cross sections calculated taking into account 
nuclear medium effects in local Fermi gas model with and without RPA correlations. 

B. Charged current quasielastic like production of leptons 

In this section, we present the numerical results for the charged current anti-neutrino induced quasielastic like 
lepton production. These are the leptons produced through the inelastic process of A excitation in which, A is 
subsequently absorbed. This is purely a nuclear medium effect. These are discussed in section-III-D. The numerical 
calculations have been done by using Eq.(50) with N-A transition form factors given by Lalakulich et al. (53|. In 
Fig. 9, we present the results for the total scattering cross sections <r(E) vs E on 12 C for the quasielastic lepton 
production cross section with nuclear medium effects including RPA, and the quasielastic like lepton production in 
the delta dominance model. We find that the quasielastic like lepton production contributes around 8% at i?p M =lGeV 
and 12% at -E Pfl =2-3GeV to the total quasielastic lepton production. In Figs. 10 and 11, we present the results for 
the quasielastic lepton production cross section with nuclear medium effects including RPA, and the quasielastic like 
lepton production in the delta dominance model for Freon(CF3i?r) and Freon-Propane(Ci<3-Br — C^Hg,) respectively. 
These results are compared with the experimental results of Bonetti et al. Q and Brunner et al. @ in Freon(C F 3 Br) 
and in Freon-Propane by Armenise et al. Q . We find that when the total lepton production cross sections from these 
two contributions are taken into account and compared with the experimental data, x 2 pdf is found to be 0.45 for the 
Freon data and 0.55 for the Freon-Propane data. Thus the inclusion of quasielastic like events improves the agreement 
with the experimental data for both the experiments currently available in literature. 
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FIG. 7: (^t) vs Q 2 for i>^, on 12 C target averaged over the MiniBooNE spectrum for the charged current quasielastic lepton 
production process, for the free case and with nuclear medium effects including RPA (without RPA). In the inset the ratio of 
(^p) with and without RPA effects has been shown. 
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FIG. 8: ( d cos6 ) vs cos @ f° r on 12 C target averaged over the MiniBooNE spectrum for the charged current quasielastic lepton 
production process, for the free case and with nuclear medium effects including RPA (without RPA). In the inset the ratio of 
{-^7} with and without RPA effects has been shown. 
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FIG. 9: Charged current lepton production cross section induced by on 12 C. The result shown by solid line is the quasielastic 
lepton production cross section with nuclear medium effects including RPA, and the result shown by dashed line also includes 
the quasielastic like lepton production cross section in the delta dominance model. 
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FIG. 10: Charged current lepton production cross section per nucleon induced by on Freon(C FzBr). The result shown by 
solid line is the quasielastic lepton production cross section with nuclear medium effects including RPA, and the result shown by 
dashed line also includes the quasielastic like lepton production cross section in the delta dominance model. The experimental 
points are taken from Bonetti et al. p| and Brunner et al. @. 
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FIG. 11: Charged current lepton production cross section per nucleon induced by Dp on Freon Propane(C-f3-Br — CsH$). The 
result shown by solid line is the quasielastic lepton production cross section with nuclear medium effects including RPA, and 
the result shown by dashed line also includes the quasielastic like lepton production cross section in the delta dominance model. 
The experimental points are taken from Armenise et al. 



C. Charged current inelastic lepton production 

In this section, we present the numerical results for the total scattering cross sections a(E) vs E, Q 2 distributions and 
lepton angular distributions for the inelastic charged current lepton production process + 12 C — > [i + + 7r~(7r°) + X 
in the A dominance model. The numerical calculations have been done by using Eq.(34) with N-A transition form 
factors given by Lalakulich et al. [53| • 

In Fig. 12, we show the numerical results for the total cross section <j(E) ~ E calculated without including nuclear 
medium effects and including nuclear medium effects with(without) pion absorption effects. We find that the nuclear 
medium effects lead to a reduction of around 12-15% for anti-neutrino energies E p =0.6-3 GeV. When pion absorption 
effects are taken into account the total reduction in the cross section is around 25 — 30%. To quantify our results, in 
the inset we have presented the ratios of the cross sections calculated including nuclear medium with(without) pion 
absorption effects to the cross section calculated without including nuclear medium effects. 

In Figs. 13 and 14, we have presented respectively the results for the (^-distribution i.e. {-^z) vs Q 2 and lepton 

angular distribution i.e. ( d ^ s6 ) vs cosO, averaged over the MiniBooNE spectrum. The results are presented for the 
differential cross sections calculated without including nuclear medium effects and including nuclear medium effects 
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FIG. 12: The cross section for inelastic charged current lepton production accompanied by a pion induced by on 12 C target, 
with(without) nuclear medium effects(NME) and with nuclear medium and pion absorption effects. In the inset, ratio of the 
cross section in 12 C as a function of anti- neutrino energy is shown. The dashed-dotted line (dashed double-dotted line) is the 
result of the ratio when the cross section is calculated including nuclear medium effects with(without) pion absorption effects 
to the cross section calculated without the nuclear medium effects. 
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FIG. 13: (-^t) vs Q 2 for i/ M on 12 C target averaged over the MiniBooNE spectrum for the inelastic charged current lepton 
production process accompanied by a pion, with(without) nuclear medium effects(NME), and with nuclear medium and pion 
absorption effects. In the inset, ratio of the differential cross section in 12 C as a function of Q 2 is shown. The dashed-dotted 
line (dashed double-dotted line) is the result of the ratio when the cross section is calculated including nuclear medium effects 
with(without) pion absorption effects to the cross section calculated without the nuclear medium effects. 

with(without) pion absorption effects. We find that for Q 2 distribution the reduction in the differential cross section 
with nuclear medium effects is around 15% in the peak region of Q 2 . When pion absorption effects are also taken into 
account the total reduction is around 28-30%. In the case of angular distribution, we find that at forward angles the 
reduction in the differential cross section with nuclear medium effects is around 15-20%. When pion absorption effects 
are also taken into account the total reduction is around 30% in the peak region of Q 2 . In the inset of these figures 
we have presented the ratios of the differential cross sections calculated including nuclear medium with(without) pion 
absorption effects to the differential cross section calculated without including nuclear medium effects. 

In literature various parameterizations for the N-A transition form factors have been discussed. To study the 
dependence of the N-A transition form factors on the differential cross section (-Jrp) vs Q 2 we have presented our 
results in Fig. 15 for the various N-A transition form factors taken from Lalakulich et al. [53|, Schreiner and von 
Hippel [6(| and Paschos et al. [61;]. We find that in the peak region of (-Jrp) vs Q 2 the results obtained by using 
Lalakulich et al. [HH and Paschos et al. [6l[ transition form factors are within a few percent(< 5%) than of the 
differential cross section obtained by using Schreiner and von Hippel ;60| N-A transition form factors. Thus the 
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FIG. 14: <d^e) vs cos9 for on C target averaged over the MiniBooNE spectrum for the inelastic charged current lepton 
production process accompanied by a pion, with(without) nuclear medium effects(NME), and with nuclear medium and pion 
absorption effects. In the inset, ratio of the angular distribution in 12 C as a function of lepton angle is shown. The dashed- 
dotted line (dashed double-dotted line) is the result of the ratio when the cross section is calculated including nuclear medium 
effects with(without) pion absorption effects to the cross section calculated without the nuclear medium effects. 
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FIG. 15: (■jjjp) vs Q 2 calculated with nuclear medium and pion absorption effects for interactions on 12 C target averaged 
over the MiniBooNE spectrum for the inelastic charged current lepton production process accompanied by a pion using various 
N-A transition form factors given by Lalakulich et al.[53|. Schreiner and von Hippel [601 ] and Paschos et al. [611]). 



dependence of the various N-A transition form factors on the differential cross sections is quite small. 



D. Charged current incoherent lepton production accompanied by a n 

In this section, we present the numerical results for the total scattering cross sections a(E) vs E, Q 2 -distributions and 
lepton angular distributions for the charged current lepton production process accompanied by a ir~ i.e. + 12 C — > 
/i + + 7r~ + X . The numerical calculations have been done using Eq.(49) with N-A transition form factors given by 
Lalakulich et al.[53j. 

We have shown the numerical results for the total cross section <j(E) vs E for the anti-neutrino induced incoherent 
l7r~ production process in Fig. 16. The results are presented without including nuclear medium effects and including 
nuclear medium effects with(without) pion absorption effects. We find that the nuclear medium effects lead to a 
reduction of around 12-15% for anti-neutrino energies E p =0.6-3 GeV. When pion absorption effects are taken into 
account along with nuclear medium effects the total reduction in the cross section is around 30 — 40%. In the inset 
we have presented the ratios of the cross sections calculated including nuclear medium with(without) pion absorption 
effects to the cross section calculated without including nuclear medium effects. 
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FIG. 16: Inelastic charged current one 7r~ production cross section induced by z? M on 12 C target with and without nuclear 
medium effects(NME), and with nuclear medium and pion absorption effects. In the inset, ratio of the cross section in 12 C as 
a function of neutrino energy is shown. The dashed-dotted line (dashed double-dotted line) is the result of the ratio when the 
cross section is calculated including nuclear medium effects with(without) pion absorption effects to the cross section calculated 
without the nuclear medium effects. 
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FIG. 17: Charged current ln~ production cross section per neutron induced by on Freon Propane (CFz Br — CsH$) target, 
with and without nuclear medium effects(NME), and with nuclear medium and pion absorption effects. The experimental 
points are taken from Bolognese et al. [Tol] 



In Figs. 17 and 18, we present our results for the total cross section obtained for the incoherent l7r~ production 
process on neutron and nucleon targets induced by p,,, on Freon-Propane(Ci 7 3Br — C^H^) and compared our results 
with the experimental results of Bolognese et al. [IJj]. The results of cross section have been presented for total 
scattering cross section u{E v ) calculated without including nuclear medium effects and including nuclear medium 
effects with(without) pion absorption effects. In the case of the cross section calculated for the neutron target in 
Freon-Propane shown in Fig. 17, we find that when cross section is calculated without nuclear medium effects, x 2 pdf is 
17.7, which reduces to 9.3 when nuclear medium effects are taken into account. Furthermore, when both the nuclear 
medium and pion absorption effects are included x 2 pdf is reduced from 17.7 to 1.3. While in the case of the cross 
section calculated for the nucleon target in Freon-Propane shown in Fig. 18, we find that x 2 pdf is 12 which reduces 
to 5.0 when nuclear medium effects are taken into account. Furthermore, when both the nuclear medium and pion 
absorption effects are included x 2 pdf is reduced from 12 to 0.7. Thus the inclusion of nuclear medium and final state 
interaction effects leads to a better description of the experimental data. 

In Figs. 19 and 20, we have presented respectively the results for the (^-distribution i.e. (^p-) vs Q 2 and lepton 

angular distribution i.e. ( d g ) vs cos6, averaged over the MiniBooNE spectrum for anti-neutrinos. The results are 
presented for the differential cross sections calculated without including nuclear medium effects and including nuclear 
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FIG. 18: Charged current lir~~ production cross section per nucleon induced by z> M on Freon Propane(Cf3-Br — Cs,Hs) target, 
with and without nuclear medium effects(NME), and with nuclear medium and pion absorption effects. The experimental 
points are taken Bolognese et al.fiol]. 
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FIG. 19: (t^t) vs Q 2 for f M on 12 C target averaged over the MiniBooNE spectrum for the inelastic charged current lepton 
production process accompanied by a n~ , with and without nuclear medium effects(NME), and with nuclear medium and pion 
absorption effects. In the inset, the dashed-dotted line (dashed double-dotted line) is the result of the ratio when the cross 
section is calculated including nuclear medium effects with(without) pion absorption effects to the cross section calculated 
without the nuclear medium effects. 

medium effects with(without) pion absorption effects. We find that for the Q 2 distribution, the reduction in the 
differential cross section with nuclear medium effects is around 15% in the peak region of Q 2 . When pion absorption 
effects are also taken into account the total reduction is around 35%. In the case of angular distribution, we find that 
at forward angles the reduction in the differential cross section when calculated with nuclear medium effects to the 
differential cross section calculated without nuclear medium effects is around 15-20%. When pion absorption effects 
are also taken into account the total reduction is around 40-45%. In the inset of these figures, we have presented the 
ratios of the differential cross sections calculated including nuclear medium with(without) pion absorption effects to 
the differential cross section calculated without including nuclear medium effects. 



E. Charged current coherent production of leptons accompanied by a n 



In the case of coherent reactions, the total production of leptons is the same as the leptons accompanied by a n~ , as 
in both cases the interacting nucleus remains in the same state(see Eqs.(18) and (19)). In this section, we present the 
numerical results for the total scattering cross sections u(E) vs E, (^-distributions and lepton angular distributions 



for the coherent charged current lepton production process accompanied by a n i.e. 
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FIG. 20: {^g> vs cos9 for on C target averaged over the MiniBooNE spectrum for the inelastic charged current lepton 
production process accompanied by a n~ , with and without nuclear medium effects(NME), and with nuclear medium and pion 
absorption effects. In the inset, the dashed-dotted line (dashed double-dotted line) is the result of the ratio when the cross 
section is calculated including nuclear medium effects with(without) pion absorption effects to the cross section calculated 
without the nuclear medium effects. 
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FIG. 21: Coherent charged current one pion production cross section induced by on 12 C target, with and without nuclear 
medium effects(NME), and with nuclear medium and pion absorption effects. In the inset, the dashed-dotted line (dashed 
double-dotted line) is the result of the ratio when the cross section is calculated including nuclear medium effects with(without) 
pion absorption effects to the cross section calculated without the nuclear medium effects. 



numerical calculations have been done using Eq.(47) with N-A transition form factors given by Lalakulich et al. [53j |. 

We have shown the numerical results for the total cross section a{E) vs E for the anti-neutrino induced coherent 
l7r~ production process in Fig. 21. The results are presented for total scattering cross section <t(-E„) calculated without 
including nuclear medium effects and including nuclear medium effects with(without) pion absorption effects. For the 
coherent process, the nuclear medium effects lead to a reduction of around 45% for Ej,=0.7 GeV, 35% for E„=l GeV, 
25% for E;,=2 GeV. The pion absorption effects taken into account along with nuclear medium effects lead to a 
very large reduction in the total scattering cross section. The suppression in the total cross section due to nuclear 
medium and pion absorption effects in our model is found to be 80% for E^ 1 GeV and 70% for E v 2 GeV. Due 
to large reduction in the total cross section for the coherent process its contribution to the total charged current 
l7r~ production is < 10 — 12% in the anti-neutrino energy region of 1-2 GeV. This is found to be smaller than 
the predictions of the NUANCE neutrino generator [ijj • This contribution is larger than obtained for the neutrino 
process(< 4 — 5%) [4l| in our model. This is expected because the coherent cross section remains almost the same 
for the neutrino and anti-neutrino induced reactions while incoherent production cross section is smaller for the anti- 
neutrino as compared to the neutrino. We have explicitly shown in Fig. 22 the contribution of charged current coherent 
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FIG. 22: Ratio of coherent charged current In production cross section to the total charged current In production cross 

coh 

section(incoherent+coherent) i.e. ° total without nuclear medium effects(NME), with nuclear medium effects and with nuclear 
medium and pion absorption effects. 
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FIG. 23: {-^) vs Q 2 for v,i on C target averaged over the MiniBooNE spectrum for the coherent charged current In 
production process, with and without nuclear medium effects(NME), and with nuclear medium and pion absorption effects. 
In the inset, the dashed-dotted line (dashed double-dotted line) is the result of the ratio when the cross section is calculated 
including nuclear medium effects with(without) pion absorption effects to the cross section calculated without the nuclear 
medium effects. 



In production to the total charged current In production(coherent+incoherent) in the A dominance model i.e. 

coherent 

r = ^eoherent+incoherent • The results are presented for the ratio of the cross sections calculated without including 
nuclear medium effects and including nuclear medium effects with(without) pion absorption effects. We find that if 
nuclear medium effects are not taken into account the contribution of the coherent l7r~ production to the total ln~ 
production is 30% at E„ = 0.8GeV, 20% at E„ = l.2GeV and 14% at E„ = 3.0GeV. When nuclear medium effects 
are taken into account this becomes 20% at E„ = 0.8GeV, 16% at E„ = 1.2GeV and 12% at E„ = S.OGeV. When 
pion absorption effects are also taken into account this ratio reduces to 12% at E 9 = 0.8GeV, 9% at E„ = 1.2GeV 
and around 7-8% at E p = 3.0GeV. 

In Figs. 23 and 24, we have presented respectively the results for the Q 2 -distribution i.e. (^yr) vs Q 2 and lepton 

angular distribution i.e. ( d ^ s6 ) vs cosO, averaged over the MiniBooNE spectrum. The results are presented for the 
differential cross sections calculated without including nuclear medium effects and including nuclear medium effects 
with(without) pion absorption effects. We find that in the peak region of (^r) the reduction in the differential 
cross section when calculated with nuclear medium effects is 35% compared to the differential cross section calculated 
without nuclear medium effects. When pion absorption effects are also taken into account the total reduction is around 
85%. In the case of angular distribution, we find that at forward angles the reduction in the differential cross section 
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FIG. 24: ( d co sB ) vs cos# for Vp on 12 C target averaged over the MiniBooNE spectrum for the coherent charged current l7r~ 
production process, with and without nuclear medium effects(NME) and with nuclear medium and pion absorption effects. 
In the inset, the dashed-dotted line (dashed double-dotted line) is the result of the ratio when the cross section is calculated 
including nuclear medium effects with(without) pion absorption effects to the cross section calculated without the nuclear 
medium effects. 




FIG. 25: Ratio of total \-k production cross section induced by on 12 C target to the charged current quasielastic lepton 



production cross section i.e. 



Result with solid(dashed) line is the ratio of the charged current induced \-k cross 



section calculated without nuclear medium effect to the charged current quasielastic cross section in local Fermi gas model 
with(without) RPA correlations, and the results with dashed-dotted(dotted) line is the ratio of the charged current induced 
1tt~ cross section calculated with nuclear medium and pion absorption effects to the charged current quasielastic cross section 
in local Fermi gas model with(without) RPA correlations. 



is 30% compared to the differential cross section calculated without nuclear medium effects. When pion absorption 
effects are also taken into account the total reduction is around 75%. To explicitly visualise these nuclear medium 
effects, we have given the ratio of the differential cross section calculated with nuclear medium and with(without) 
pion absorption effects to the differential cross section calculated without nuclear medium effects in the inset of these 
figures. 

Recently, MiniBooNE collaboration [3] have reported the ratio R' = ^^qqe) ^ or neu trino induced processes. We 
have studied this ratio in our earlier paper [4l[ and found that the theoretical predictions for the cross sections in 
our model are in reasonable agreement with the experimental results for the ratio reported by them. In Fig. 25, we 

have studied the ratio R = ^ppggj for anti-neutrino induced processes. We have presented our results for this ratio 
by using the charged current quasielastic scattering cross sections a(CCQE) obtained in the local Fermi gas model 
including nuclear medium effects with(without) RPA correlations. For the incoherent and coherent l7r~ production 
process, the cross sections a(CClir~) are calculated without nuclear medium effects and with nuclear medium and 
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pion absorption effects. We find that when (j(CCln~) is caiculated without nuclear medium effects and a(CCQE) 
is calculated in the local Fermi gas model without RPA correlations, the ratio R is 0.44 at Ep = 0.8GeV, 0.77 at 
Ep = l.2GeV and 1.34 at Ep = 3.0GeV. When RPA correlations are taken into account in calculating a(CCQE) 
this ratio becomes 0.58 at Ep = 0.8GeV, 0.96 at Ep = 1.2GeV and 1.6 at Ep = 3.0GeV. However, when a{CCln ■ ) 
is calculated with nuclear medium and pion absorption effects and a(CCQE) is calculated in the local Fermi gas 
model without RPA correlations, this ratio is 0.21 at Ep = 0.8GeT^, 0.42 at Ep = l.2GeV and 0.86 at Ep = 3.0GeV. 
Our final results for this ratio when cr(GGl7r~) is calculated with nuclear medium and pion absorption effects and 
a(CCQE) is calculated in the local Fermi gas model with(without) RPA correlations, is 0.28 at Ep — 0.8Gel^, 0.53 
at Ep — 1.2GeV and 1.03 at Ep — S.OGeV. Thus, we find that this ratio strongly depends on nuclear medium effects 
both for the cross sections calculated in the case of the charged current quasielastic lepton production cross section 
and the inelastic lepton production cross section. 

V. SUMMARY AND CONCLUSIONS 

The anti-neutrino induced charged current quasielastic and inelastic reactions from nuclei have been studied. These 
studies are important in the low and intermediate energy region to quantify the role of nuclear medium effects and 
are useful in the analysis of anti-neutrino experiments being done on nuclear targets like 12 G at MiniBooNE. We 
have presently studied the effects of nuclear medium on the total scattering cross section for the charged current 
anti-neutrino induced quasielastic and inelastic lepton production, incoherent and coherent lir~ production, and the 
Q 2 -distribution and the angular distribution of leptons. The calculations have been done in the local Fermi gas model. 
The effect of Pauli blocking, Fermi motion of the nucleons, Q-valuc of the reaction and the Coulomb distortion effects 
on the outgoing lepton have been included. The renormalization of weak transition strengths on the weak couplings 
i.e. RPA correlations in the nuclear medium has also been taken into account for the quasielastic lepton production 
process. For the inelastic reactions, the calculations have been done in the A dominance model. The modification of 
the mass and width of the A resonance in the nuclear medium has been taken into account. Moreover, the final state 
interaction of pions with the residual nucleus has also been taken into account. The results for the total scattering cross 
section have been compared with the experimental results of some earlier experiments in Freon and Freon-Propane in 
the case of quasielastic process and in Freon-Propane in the case of incoherent production process. 

From this study we conclude that: 

1. In the case of charged current quasielastic lepton production, the role of nuclear medium effects like Pauli 
blocking, Fermi motion is to reduce the cross section. When RPA correlations are taken into account there is further 
reduction in the cross section. We find that the total reduction in the cross section is around 50% at -E Pfl =0.5GeV, 
which decreases with the increase in anti-neutrino energy and becomes 25% at £ , Pfl =3.0GeV as compared to the 
cross sections calculated without nuclear medium effects. Besides the genuine quasielastic lepton events there is 
also contribution from the inelastic process through A excitation where a A is absorbed in the nuclear medium 
via the processes like AN— > NN and ANN— > NNN. The contribution of such quasielastic like events is ~8% at the 
anti-neutrino energies of lGeV. 

2. The results of total scattering cross section a(E) ~ E for the quasielastic lepton production (including the 
quasielastic like events from the A excitation) have been compared with the experimental results of Bonetti et al. Q 
and Brunner et al. @ in Freon(Gi 7 3i?r) and in Freon-Propane by Armenise et al.Q. We find that inclusion of nuclear 
medium effects lead to good agreement with the experimental data. 

3. In the case of charged current inelastic lepton production the inclusion of nuclear medium effects like modification 
in the mass and width of the A lead to a reduction in the total cross section which is around 12-15% for anti-neutrino 
energies of -E Pfl =0.6-3GeV. When pion absorption effects are also taken into account the total reduction in the cross 
section is around 25-30% as compared to the cross sections calculated without the nuclear medium and final state 
interaction effects. 

4. In the case of charged current inelastic l7r~ production the inclusion of the nuclear medium effects are lead to the 
reduction in the total cross section which is around 12-15% for anti-neutrino energies of £ , Pjj =0.6-3GeV. When pion 
absorption effects are also taken into account the total reduction in the cross section is around 30-40% as compared 
to the cross sections calculated without the nuclear medium and final state interaction effects. For the coherent l-7r~ 
production, the reduction in the total cross section is very large due to nuclear medium and pion absorption effects. 
Due to large reduction in the total cross section for the coherent process its contribution to the total charged current 
l7r~ production is < 10 — 12% in the anti-neutrino energy region of 1-2 GeV which is smaller than found in earlier 
studies. 

5. The results of total scattering cross section a(E) ~ E for the incoherent 1tt~ production have been compared 
with the experimental results of Bolognese et al. [T(| in Freon-Propane. We find that with nuclear mediums and pion 
absorption effects our present results are in better agreement with the experimental data. 
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6. The results for (^) vs Q 2 and (3^5) vs cosf? in C averaged over the MiniBooNE flux for the anti-neutrino 
reactions have been presented for the quasielastic and inelastic processes. The results have also been presented for 
(^p) vs Q 2 using different parameterizations of N-A transition form factors. In the case of anti-neutrino induced 
charged current inelastic reactions, the dependence of the differential cross sections on the various parameterization 
of N-A transition form factors are found to be small. 
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